Abstract. Renal cell carcinoma (RCC) is the most common solid neoplasm of adult kidney, and the major treatment for metastatic RCC (mRCC) is molecular targeted therapy. Sorafenib, as a multi-targeted tyrosine kinase inhibitor (TKI), has significantly improved clinical outcomes of mRCC patients. However, complete or long-term remissions are rarely achieved due to intolerance to dose-related adverse effects. It is therefore, necessary to explore novel target molecules for treatment or to enhance the therapeutic efficiency of present TKI for mRCC treatment. Anoikis is a specific type of apoptosis that plays a vital physiological role in regulating tissue homoeostasis. Anoikis-resistance is of critical importance for metastasis of various human cancers including mRCC. However, the precise mechanisms on anoikis-resistance in mRCC are still unclear. Tyrosine receptor kinase B (TrkB) belongs to the Trk family of neurotrophin receptors. Previous investigations have implied that activation or overexpression of TrkB promoted proliferation, survival, angiogenesis, anoikis-resistance and metastasis in human cancers. Yet, the correlation between TrkB and anoikis-resistance in mRCC has rarely been reported. The aim of the present study was to explore the impact of TrkB on anoikis-resistance and targeted therapy in mRCC. Our data revealed that anoikis-resistant ACHN cells presented with tolerance to detachment-induced apoptosis, excessive proliferation and aggressive invasion, accompanied by upregulation of TrkB expression in contrast to parental cells. Furthermore, TrkB silencing caused apoptosis, inhibited proliferation, retarded invasion as well as improved anticancer efficiency of sorafenib in anoikis-resistant ACHN cells through inactivation of PI3K/Akt and MEK/ERK pathways. Our data may offer a novel potential therapeutic strategy for mRCC.
Introduction
Renal cell carcinoma (RCC) is the most common solid neoplasm of adult kidney, accounting for 3% of all adult cancers (1) . Approximately 20-30% of new RCC patients are diagnosed with metastatic RCC (mRCC), and as many as 40% of patients with localized RCC may develop mRCC after radical surgery (2) . The prognosis of mRCC patients is poor and limited treatment options are available (3). Currently, the major treatment for mRCC is molecular targeted therapy, which includes tyrosine kinase inhibitors (TKIs) and mammalian target of rapamycin (mTOR) inhibitors. As a multi-targeted TKI, sorafenib was the first targeted agent approved for the treatment of mRCC and significantly prolonged median progression-free survival in a randomized phase Ⅲ trial for advance RCC (4-6). However, complete or long-term remissions are rarely accomplished due to intolerance of dose-related side-effects (7) . Identifying novel target molecules is hence necessary to improve the clinical outcome for mRCC treatment.
Anoikis is a specific type of apoptosis induced by loss of cell adhesion or inappropriate cell adhesion (8) . Anoikis plays a critically important physiological role in regulating tissue homoeostasis (9) . Failure of anoikis execution could result in adherent cells surviving under suspension conditions or at ectopic sites. Anoikis-resistance is consequently an essential prerequisite of progression and metastasis of various human cancer types (10, 11) . Anoikis-resistance is closely related to mRCC (12, 13) , while the exact mechanisms of anoikisresistance in mRCC remain unclear. Tyrosine receptor kinase B (TrkB) was first identified as a highly expressed protein-tyrosine kinase in the brain and subsequently found as the signaling receptor for brain-derived neurotrophic factor (BDNF), which played a vital role in the development and repair of the nervous system (14) . Activation of TrkB promoted tumor cell proliferation, survival, angiogenesis, epithelial-mesenchymal transition (EMT), anoikis-resistance and metastasis through regulating specific signaling pathways including phosphoinositide 3-kinases (PI3K)/Akt and MEK/ERK (15) (16) (17) . Numerous studies have revealed that overexpression of TrkB is associated with anoikis-resistance and increased metastasis in various human cancers, such as neuroblastoma (17) , hepatic carcinoma (18) , lung adenocarcinoma (19) , colorectal (20) and pancreatic cancer (21) . Nevertheless, the correlation between TrkB and anoikis-resistance of mRCC is rarely reported.
The present study explored the effects of TrkB on anoikisresistance and targeted therapy in mRCC. Our data indicated that anoikis-resistant ACHN cells were characterized with tolerance to detachment-induced apoptosis, excessive proliferation and aggressive invasion, along with upregulation of TrkB expression in contrast to parental ACHN cells. It was also shown that TrkB silencing promoted detachment-induced apoptosis, reduced proliferation and repressed invasion in anoikis-resistant ACHN cells via inhibiting activities of Akt and ERK. Moreover, TrkB silencing improved anticancer efficiency of sorafenib in anoikis-resistant ACHN cells through inactivating PI3K/Akt and MEK/ERK pathways. Our findings may offer a novel potential therapeutic strategy for mRCC.
Materials and methods
Pharmaceuticals. Sorafenib (Bayer, Leverkusen, Germany) was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA) as a 10 mM stock solution and stored at -20˚C or diluted in cell culture medium to give the appropriate final concentrations.
Cell culture and establishment of anoikis-resistant ACHN cell model. Human renal cancer ACHN cell line was obtained from Shanghai Cell Bank, Chinese Academy of Sciences (Shanghai, China) and cultured in minimum essential medium (MEM; Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum (FBS; Zhejiang Tianhang Biotechnology Co., Ltd., Hangzhou, China) and 1% penicillin/streptomycin (Gibco) at 37˚C in 5% CO 2 incubator. To obtain anoikis-resistant cells, ACHN cells were continuously cultured in ultra-low attachment 6-well plates (Corning Life Sciences, Acton, MA, USA) for 10 days (22) , then transferred into normal culture plates and attachment-cultured for 3 days: the re-adherent cells were anoikis-resistant. The morphology of ACHN cells was observed with an inverted phase contrast microscope (Olympus, Tokyo, Japan).
Transfection of small interference RNA (siRNA). Three targetspecific si-TrkBs and a scramble control siRNA (si-Ctrl) were synthesized by Guangzhou RiboBio Co., Ltd. (Guangzhou, China). The sequences of the siRNAs were as follows (sense and antisense): si-TrkB-1 (5'-CCGUCACCUUGACUUGU CU-3' and 5'-AGACAAGUCAAGGUGACGG-3'); si-TrkB-2 (5'-CCACGAACAGAAGUAAUGA-3' and 5'-UCAUUACUU CUGUUCGUGG-3'); si-TrkB-3 (5'-GCGCUUCAGUGGUU CUAUA-3' and 5'-UAUAGAACCACUGAAGGC-3'); si-Ctrl (5'-UUCUCCGAACGUGUCACGU-3' and 5'-ACGUGACAC GUUCGGAGAA-3'). Cells were seeded in 6-well plates at 30% confluency. Next day, appropriate amount of si-TrkBs or si-Ctrl and Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA, USA) were diluted in 250 µl of opti-MEM reduced-serum medium (Gibco) respectively, and incubated for 5 min at room temperature. Diluted siRNAs were added into diluted Lipofectamine 2000 and incubated for 20 min at room temperature. A total of 500 µl of the mixture was added each well. The medium was replaced with fresh culture medium after 6 h.
/well) were seeded into 96-well plates and cultured in complete medium for 0, 1, 2, 3, 4, 5 and 6 days, respectively. A total of 20 µl of MTT solution (Sigma-Aldrich) was added into each well and incubated for 4 h in the dark, and then 150 µl of DMSO was added into each well for 10 min. Absorbance was measured at 490 nm using a microtiter plate reader (Thermo Fisher Scientific, Waltham, MA, USA).
Colony formation assay. Isolated cells (5x10
2 /well) were seeded into 6-well plates and cultured in complete medium for 7 days. Cells were fixed with methanol and stained with 0.1% crystal violet (Sigma-Aldrich). Colonies with more than 50 cells were counted with an inverted phase contrast microscope.
Flow cytometr y. Cell apoptosis was detected by
Annexin V-FITC apoptosis detection kit (KeyGen Biotech., Co., Ltd., Nanjing, China). Cells (5x10 5 /well) were seeded in ultra-low attachment 6-well plates for the indicated time, then collected for incubation with Annexin V-FITC and propidium iodide (PI) for 10 min in the dark at room temperature, and detected using a FACScan flow cytometer (BD Biosciences, San Jose, CA, USA).
Transwell assay. Cell invasion assay was performed using the 24-well Transwell plate with 8-µm pore polycarbonate membrane inserts (Corning Life Sciences). Chamber inserts were coated with 50 µl Matrigel (BD Biosciences, Bedford, MA, USA). Cells (3x10 4 /well) in 200 µl serum-free medium were plated in the upper chambers, and 500 µl complete medium was added into the lower chambers. After incubation for 24 h, cells that invaded into the lower surface of the membrane inserts were fixed in 4% paraformaldehyde, stained with 0.05% crystal violet and counted in 5 random fields with an inverted phase contrast microscope.
Quantitative real-time polymerase chain reaction (qRT-PCR).
Total RNA was extracted from cells using TRIzol reagent (Invitrogen) following the manufacturer's instruction. cDNA was synthesized from total RNA using First Strand cDNA Synthesis kit (Toyobo, Co., Ltd., Shanghai, China) following the manufacturer's protocol. qRT-PCR was performed with the SYBR-Green qPCR Mix (Toyobo) on the StepOnePlus Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). The PCR primer pairs synthesized by Invitrogen and PCR programs were as follows: primer sequences (forward and reverse) for TrkB was 5'-GGGAACATCTCTCGGT CTATG-3' and 5'-CAAACTTGGAGTGTCTTGCC-3' and the following program was denaturation at 95˚C for 60 sec, followed by 40 cycles consisting of denaturation at 95˚C for 30 sec, annealing at 62˚C for 20 sec, and extension at 72˚C for 20 sec; primer sequences (forward and reverse) for internal control β-actin was 5'-GTCCACCGCAAATGCTTCTA-3' and 5'-TGCTGTCACCTTCACCGTTC-3' and the following program was denaturation at 95˚C for 60 sec, followed by 40 cycles consisting of denaturation at 95˚C for 30 sec, annealing at 56˚C for 20 sec and extension at 72˚C for 20 sec. The results were analyzed using the 2 -∆∆CT method.
Western blot analysis. Total proteins were isolated using radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime Institute of Biotechnology, Nanjing, China) and 4 /well) in serum-free medium were seeded into upper chambers, respectively, and 500 µl complete medium was added into lower chambers; invasion cells were counted after 24 h (original magnification, x200). separated by sodium dodecyl sulfate (SDS)-polyacrylamide (PAGE) gels (Wuhan Boster Biological Technology, Ltd., Wuhan, China) and transferred onto nitrocellulose filter membranes (Millipore, Bedford, MA, USA). The membranes were blocked with 5% non-fat milk in Tris-buffered saline with Tween-20 (TBST) and incubated with the primary antibodies overnight at 4˚C. Primary antibodies were as follows: polyclonal rabbit anti-human TrkB (1:500), Mcl-1 (1:1,000), VEGF (1:500), Akt (1:1,000), p-Akt (1:1,000) and monoclonal rabbit anti-human β-actin (1:1,000) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA); polyclonal rabbit anti-human ERK (1:1,000) and p-ERK (1:1,000) were purchased from Bioworld Technology, Inc. (St. Louis Park, MN, USA); polyclonal rabbit anti-human MMP-9 (1:1,000) was purchased from Cell Signaling Technology (Beverly, MA, USA). β-actin was used as the loading control. The membranes were incubated with the horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody (1:3,000; Santa Cruz Biotechnology). Bands were visualized with enhanced chemiluminescence (Beyotime Institute of Biotechnology). Densitometry was performed using the ImageJ software (National Institutes of Health, Bethesda, MA, USA).
Statistical analysis.
All experiments were carried out at least in triplicate. Data were expressed as the mean ± standard deviation (SD). Statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS), version 17.0 (SPSS, Inc., Chicago, IL, USA). Statistical significances were evaluated using the Student's t-test or analysis of variance (ANOVA). * P<0.05 was considered to indicate a statistically significant result.
Results

Anoikis-resistance inhibits detachment-induced apoptosis, promoting proliferation and invasion in ACHN cells.
Anoikisresistant ACHN cell model was established according to previous reports (23) (24) (25) . Briefly, parental ACHN cells were suspension-cultured in ultra-low attachment 6-well culture plates for 10 days. In suspension culture, parental ACHN cells gathered into clusters and gradually formed large cell masses with time (Fig. 1A) . On the 10th day, ACHN cells were collected and attachment-cultured in normal culture plates, and the re-adherent cells were regarded anoikis-resistant. MTT, colony formation, flow cytometry and Transwell assays revealed that anoikis-resistant ACHN cells displayed more rapid proliferation, less detachment-induced apoptosis and greater capability of invasion compared with parental cells (Fig. 1B-E) . Western blot analysis demonstrated that expression levels of myeloid cell leukemia-1 (Mcl-1), vascular endothelial growth factor (VEGF), matrix metalloproteinase-9 (MMP-9) and TrkB in anoikis-resistant ACHN cells were upregulated compared with parental cells (Fig. 2A) . Additionally, expression of phosphorylated Akt (p-Akt) and phosphorylated ERK (p-ERK) increased in anoikis-resistant cells while expression of total Akt and ERK was of no significant difference between the two cell lines (Fig. 2B) . Fig. 3A and B) . TrkB siRNA-3 (si-TrkB-3) showed the highest silencing efficiency and was chosen for the following experiments. Once TrkB was knocked /well) transfected without or with si-Ctrl and si-TrkB-3 for 48 h were seeded in 96-well plates respectively and apoptosis rates were detected after 72 h. (F) For Transwell assay, anoikis-resistant ACHN cells (3x10 4 /well) transfected without or with si-Ctrl and siTrkB-3 for 48 h were suspended in serum-free medium and seeded into upper chambers respectively, 500 µl complete medium was added into lower chambers; invasion cells per field were counted after 24 h. NC, negative control; si-Ctrl, scramble control siRNA; si-TrkB, TrkB siRNA (original magnification, x200). down, decreased proliferation rate, enhanced detachmentinduced apoptosis and diminished invasion were observed in anoikis-resistant ACHN cells (Fig. 3C-F) . Western blot analysis indicated that following TrkB silencing, expression levels of Mcl-1, VEGF, MMP-9, p-Akt and p-ERK decreased in anoikis-resistant ACHN cells (Fig. 4) .
TrkB silencing promotes apoptosis, inhibits proliferation and reduces invasion in anoikis-resistant ACHN cells through inactivating Akt and ERK. Silencing efficiency of TrkB in anoikis-resistant ACHN cells was verified by qRT-PCR and western blot analysis (
TrkB silencing enhanced anticancer efficiency of sorafenib in anoikis-resistant ACHN cells through inhibiting activities of Akt and ERK.
To investigate whether TrkB silencing enhanced anticancer efficiency of sorafenib in anoikis-resistant ACHN cells, 1.0 µM was chosen as the sub-threshold concentration of sorafenib. There were no significant difference in proliferation, detachment-induced apoptosis and invasion between the groups without or with sorafenib (1.0 µM) treatments (Fig. 5) . However, combination of TrkB silencing and sorafenib (1.0 µM) remarkably inhibited proliferation, reduced invasion and promoted detachment-induced apoptosis as compared with single treatment with TrkB knocked down (Fig. 5) . In line with this, sorafenib (1.0 µM) alone did not change the expressions of Mcl-1, VEGF, MMP-9 or the activity of Akt and ERK (Fig. 6) , while combination of TrkB silencing and sorafenib (1.0 µM) reduced the expression of Mcl-1, VEGF and MMP-9 significantly, as well as declined the expression of p-Akt and p-ERK, and such effects were more effective than treatment with TrkB silencing alone (Fig. 6 ).
Discussion
Establishment of anoikis-resistant cell model in vitro is usually on the basis of suspension culture that prevents cells from attachment (23) (24) (25) . Therefore, we chose ultra-low attachment plates for the continuous suspension culture of the parental ACHN cells for 10 days, and the re-adherent cells were regarded as anoikis-resistant ACHN cells. Our data revealed that anoikis-resistant ACHN cells were characterized with more aggressive malignant biological behavior, including more rapid proliferation, less detachment-induced apoptosis and more capable of invasion in contrast to parental cells.
The molecular mechanisms involved in anoikis-resistance have been extensively investigated. PI3Ks are a family of lipid kinases that phosphorylate the 3'-OH group on phosphatidylinositols in the plasma membrane, resulting in recruitment of Akt to cell membrane for activation, which regulates tumor growth and survival (26) . Likewise, MEK/ERK is the most typical mitogen activated protein kinase (MAPK) pathway, which controls cellular proliferation, invasion, differentiation and apoptosis, and aberrancy in the pathway contributes to malignant behavior (27) . The activation or overexpression of PI3K/Akt and MEK/ERK pathways are supposed to promote anoikis-resistance in certain malignancies (28, 29) . It was reported that activated Akt and ERK were associated with metastasis in RCC (20, 21) . Our data confirmed that Akt and ERK activation are responsible for anoikis-resistance of ACHN cells and metastatic potential of RCC.
Previous studies have reported that anoikis is closely related to Bcl-2 family-mediated apoptosis pathway and Mcl-1 is an anti-apoptotic member (8) . The combination of PI3K and MEK inhibition causes concomitant downregulation of Mcl-1 (26) . Upregulation of Mcl-1 rendered anoikis-resistance in cancers, while downregulation of Mcl-1 increased sensitivity of cancer cells to anoikis (30) . Similarly to those findings, TrkB is closely correlated with tumor progression, anoikisresistance, metastasis and response to chemotherapy (17) . Binding of BDNF to TrkB leads to auto-phosphorylation of tyrosines in the intracellular domain (31, 32) . Overexpression of TrkB activates protein kinase B to block anoikis through PI3K signaling (16, 33) . It was reported that Trk/PI3K/Akt pathway played an important role in anoikis-resistance and invasion of cancer cells (17) . Activated TrkB induced EMT and enhanced tumor migration and invasion through MAPK-dependent Twist-Snail axis (34) . The above evidence indicated that TrkB may serve as a potential therapeutic target for cancers. The present study illustrated that expression of TrkB was upregulated in anoikis-resistant ACHN cells, which implied /well) transfected with si-Ctrl or si-TrkB-3 were seeded in ultra-low attachment 6-well plates, and sorafenib was added at the final concentration of 1.0 µM; apoptosis rates were detected after 72 h. (C) For Transwell assay, anoikis-resistant ACHN cells (3x10 4 /well) transfected with si-Ctrl or si-TrkB-3 for 48 h were suspended in serum-free medium and seeded into upper chambers, respectively, 500 µl complete medium was added into lower chambers; sorafenib was added in upper and lower chambers at the final concentration of 1.0 µM; invasion cells per field were counted after 24 h (original magnification, x200). that TrkB might act as an oncogene. We revealed that TrkB silencing increased detachment-induce apoptosis, inhibited proliferation and invasion in anoikis-resistant ACHN cells, together with downregulated expression of Mcl-1, VEGF, MMP-9 and reduced activity of Akt and ERK.
Sorafenib is an orally administered small molecule TKI and has improved progression-free survival for advanced RCC patients (35) . However, it presented only partial response rates partly due to dose-related adverse events and clinical toxicities (7, 36, 37) . In this study, TrkB silencing enhanced anti-proliferative, pro-apoptotic and anti-invasive effects of sorafenib at a sub-threshold concentration in anoikis-resistant ACHN cells through inhibiting the activity of Akt and ERK. Based on our data, combination of TrkB silencing and sorafenib may be an alternative to clinical management of mRCC by enhancing the therapeutic effect of sorafenib and reducing dosage-dependent adverse events.
In summary, the present study revealed that TrkB was upregulated in anoikis-resistant ACHN cells, and silencing of TrkB reversed anoikis-resistance and inhibited invasion in ACHN cells; whereas, silencing of TrkB improved anticancer efficiency of sorafenib in anoikis-resistant ACHN cells through inactivating PI3K/Akt and MEK/ERK pathways. Our finding might offer a novel potential therapeutic strategy for mRCC and deserve further investigations.
